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Unique properties of plasmons in two-dimensional electron systems (2DESs) have been studied for
many years. Existing theoretical approaches allow for analytical study of the properties of ungated
and gated plasmons in two fundamental, ideal cases - the 2DES in dielectric environment and under
an infinite metallic gate, respectively. However, it is for the first time that we introduce an analytical
theory of the interaction of gated and ungated plasmons in partly gated 2DES. Generally, a finite-
width gate is formed by a metallic strip placed over an infinite plane hosting 2D electrons. Our
solution, in particular, describes the propagating plasmon modes with their charge density having
N nodes under the gate. In this regard, a new mode with N = 0 has been found in addition to
the gapped modes with N = 1, 2, ... previously derived from numerical calculations. Unexpectedly,
this fundamental plasmon mode has been found to differ substantially from the rest. In fact, it
is characterised by gapless square root dispersion and represents a hybrid of gated and ungated
plasmons. In contrast to the higher modes, the currents and lateral fields of the fundamental mode
are localized mainly to the outside area in the vicinity of the gate. Heretofore, such a ’near-gate
plasmon’ has never been considered.
I. INTRODUCTION
Plasma oscillations (plasmons) in 2DES are radically
different from conventional 3D plasmons. When 2DES
is embedded in a dielectric medium with permittivity κ,
the 2D plasmons can be characterized by the following
square root dispersion law1:
ωp(q) =
√
2pine2q
κm
, q =
√
q2x + q
2
y, (1)
where n is the 2D electron concentration, m is the elec-
tron effective mass, and q is the 2D wave vector of the
plasmon.
Furthermore, screening electron-electron (e-e) interac-
tion with a metallic gate leads to reduction in the ungated
plasmon frequency (1) by the factor of
√
2dq, where d is
the distance between the gate and 2DES. Consequently,
at long wavelengths (qd≪ 1) the dispersion for the gated
plasmons becomes linear2:
ωg(q) = qVp, Vp =
√
4pine2d
mκ
, (2)
where Vp is the velocity of gated plasmons.
Originally 2D plasmons were observed in 2D systems
of electrons on a liquid helium surface3 and in silicon in-
version layers4,5. Thus far, plasmons have been studied
in different 2D electron systems including semiconductor
heterojunctions and quantum wells6–14, graphene15–18,
topological isolators19–21, transition metal dichalcogenide
monolayers22, etc.
Dependence of plasmon frequency on 2D electron con-
centration, n, permits easy tuning of the 2D plasmons
over a wide frequency range by means of a gate voltage
control. For this reason, 2D gated structures are proving
promising not only in fundamental studies of collective
excitation physics, but also as detectors and emitters of
electromagnetic radiation in the terahertz range23–36.
When a perpendicular magnetic field is imposed on
a restricted 2DES (with or without a gate), the two
types of plasmons emerge - the bulk magnetoplasmons
with a spectrum gap and the gappless, one-way, edge
magnetoplasmons (EMPs). Both the exact solution37,38
and the modeling approximation39 show that in the case
of a semi-planar form of the 2DES, EMPs can exist
at any magnetic field strength regardless of the metal-
lic gate. What is more, in a classically strong mag-
netic field, EMPs are subject to insignificant damping,
even in low-mobility samples. It is these properties that
have been stimulating the EMP research for a number of
years40–45. In addition, it has recently been shown46 that
the gated magnetoplasmons may belong to one of the 2D
classes within the framework of topological classification
of bosons47, and that EMPs are topologically protected.
These findings have generated a great deal of interest in
2D plasmon physics as well.
Due to their peculiar nature, mathematical analysis of
2D plasmons has always been rather challenging. Con-
sidering a confined 2DES, for example, in the form of a
half-plane, a strip or a disk, the relationship between the
charge density and the induced electric field is nonlocal.
Therefore, the calculation of the confined plasmon spec-
trum involves finding a solution to a complicated integral
equation, which, in fact, can be solved analytically only
for several oversimplified cases48–55.
In this paper we report the analytical investigation of
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FIG. 1. System under consideration with the gate and the
2DES assumed to be infinite in y.
the influence the finite strip-shaped metallic gate has on
the 2D plasmon spectrum in infinite 2DES. In addition
to being interesting in itself from the fundamental stand-
point, the given geometry, shown in Fig. 1, represents
an elementary constituent of a metallic grating that can
be applied to excite 2D plasmons4. Similar configura-
tions have been implemented in detectors and emitters
of electromagnetic radiation.
As a rule, the 2DES with a finite gate is examined
by means of numerical methods56–64, which generally in-
cludes calculation of the absorption of electromagnetic
wave with its electric field component directed across
a long metal strip. In this case, however, the plasmon
modes governed by gapless dispersion law, even if they
exist, are not expressed. In the course of our analysis,
we prove that it is the fundamental mode that has this
feature.
In the system under consideration, it has been as-
sumed, as a matter of convenience, that e-e interaction of
the gate electrons is screened by the electrons of 2DES, in
contrast to the case of a finite 2DES with an infinite gate,
where e-e interaction of electrons in 2DES is screened by
the gate electrons instead. In this particular instance,
it is also convenient to solve the integral equation for
the charge electron density in the gate. The analytical
solution to the problem is found based on two realis-
tic assumptions: 1) the sought-for frequency of the new
plasmon mode is small compared to that of the ungated
plasmon, and 2) the distance between the gate and 2DES
d is small compared to the gate size Lx and the plasmon
wavelength (d ≪ Lx, q−1). Given these approximations
and an assumption of sufficiently large gate conductiv-
ity, see Sec. III, the exact integral equation for the plas-
mon charge density can be reduced to a differential equa-
tion with boundary conditions specified at the edges of
the gate. The resultant solutions describe the plasmons
which propagate along the gate and are confined to the
regions under and near the gate. The spectrum of these
plasmons consists of a series of 1D sub-bands ωN (qy),
shown in Fig. 2, where N denotes an integer number of
half-wavelengths across the strip, N = 0, 1, 2, ...
For the fundamental mode (N = 0) with |qy|Lx ≪ 1,
the plasmon spectrum is defined by:
ω0(qy) =
√
8pie2nd
mκ
|qy|
Lx
. (3)
The dispersion of the fundamental mode is rather un-
usual as it combines the features of both ungated (1)
and gated (2) plasmons. The currents in this mode are
localized mainly to the outside region near the gate. We
shall further refer to the mode in (3) as to the ”near-
gate” plasmon. Eq. (3) is one of the key results of this
paper. The influence of the external perpendicular mag-
netic field on the fundamental mode ω0(qy) is analyzed
in Sec. III.
II. PLASMONS IN 2DES WITH A
STRIP-SHAPED GATE
The following discussion pertains to the system geom-
etry in Fig. 1, with an infinite 2DES in z = 0 plane
and a metallic gate at the distance d above it. The
gate is infinitely long in y, has a finite width defined
by [−Lx/2, Lx/2] in x and conductivity σg.
The desired solutions are restricted to the waves prop-
agating along the gate according to exp(iqyy − iωt).
We consider the spectra in the long-wavelength limit
|qy| ≪ kF , where ~kF is the Fermi momentum and take
the classic approach (Ohm’s law with the collisionless
Drude model for conductivity of 2DES) to describe the
electron dynamics. We also neglect the electromagnetic
retardation effects.
The Poisson equation for the plasmon potential ϕ(x, z)
can be formulated as follows:
(∂2x + ∂
2
z − q2y)ϕ(x, z) = −
4pi
κ
[ρ(x)δ(z) + ρg(x)δ(z − d)] ,
(4)
where we assume the 2DES and the metallic gate have
infinitesimal thickness; ρ(x) and ρg(x) are the plasmon
charge densities in 2DES and in the gate, respectively;
ρg(x) equals zero outside the strip.
Using Green’s function Eq. (4) can be put in the fol-
lowing equivalent form:
ϕ(x, z) =
∫ ∞
−∞
G(x − x′, z)ρ(x′)dx′+∫ ∞
−∞
G(x− x′, z − d)ρg(x′)dx′, (5)
where G(x, z) = 2K0(|qy |
√
x2 + z2)/κ, K0(x) is the
modified Bessel function of the second kind and zeroth
order.
If we define the plasmon potential in 2DES and in the
gate as ϕ(x) = ϕ(x, 0) and ϕg(x) = ϕ(x, d), respectively,
the Fourier transformation of Eq. (5) will lead to:
ϕ(qx) =
2pi
κ
√
q2
y
+q2
x
(
ρ(qx) + ρg(qx)e
−d
√
q2
y
+q2
x
)
,
ϕg(qx) =
2pi
κ
√
q2
y
+q2
x
(
ρ(qx)e
−d
√
q2
y
+q2
x + ρg(qx)
)
.
(6)
The Ohm’s law and the continuity equation can be
used to derive the relation between ϕ(qx) and ρ(qx) as
follows:
iωρ(qx) = σ(q
2
x + q
2
y)ϕ(qx), (7)
3where σ = σ(ω) is the dynamic conductivity of 2DES.
Eliminating ϕ(qx) and ρ(qx) in Eqs. (6) and (7), and
then taking the inverse Fourier transform leads to:
ϕg(x) =
α
κ
∫ +∞
−∞
eiqxxe−2d
√
q2
y
+q2
xρg(qx)
1− α
√
q2y + q
2
x
dqx+
2
κ
∫ Lx/2
−Lx/2
K0(|qy||x− x′|)ρg(x′)dx′, (8)
where σ = e2n/(−iωm), based on collisionless Drude
model for conductivity, and α = 2pie2n/(κmω2).
Since the plasmons of interest are coupled to the gate
and their spectrum lies ”outside” the spectrum of the
bulk plasmons existing far from the gate, their frequency,
ω, is lower than that of the bulk plasmon, ωp(qy), for the
same wave vector, qy. This condition can be stated as
α|qy| > 1. Thus, the denominator in the first integral in
Eq. (8) does not go to zero.
For the case of α|qy| ≫ 1, we can introduce the follow-
ing expansion:
α
1− α
√
q2y + q
2
x
=
∞∑
M=0
−1
αM (q2y + q
2
x)
(M+1)/2
. (9)
In the series above, it is sufficient to keep only the first
two dominant terms with M = 0, 1. Hence, after this
approximation, Eq. (8) takes the form of:
ϕg(x) +
1
κ
∫ +∞
−∞
eiqxxρg(qx)
e−2d
√
q2
y
+q2
x
α(q2y + q
2
x)
dqx =
2
κ
∫ Lx/2
−Lx/2
∆K(x− x′)ρg(x′)dx′, (10)
where
∆K(x) = K0(|qy ||x|)−K0(|qy|
√
x2 + 4d2). (11)
Next, we can make further approximations of d≪ Lx and
|qy|d≪ 1. In these limits, ∆K(x) becomes a δ-function2,
Cδ(x), with coefficient C defined by the integrated area
of ∆K(x). In fact, it can be found that C = 2pid, which
is the so-called local capacity approximation. Moreover,
on the left-hand side of Eq. (10) the factor exp(−2dq)
can be reduced to one.
Based on these additional assumptions, Eq. (10) can
be modified as:
ϕg(x) +
1
κα
∫ +∞
−∞
eiqxx
ρg(qx)
q2y + q
2
x
dqx =
4pid
κ
ρg(x), (12)
where −Lx/2 ≤ x ≤ Lx/2.
Finally, expressing ρg(qx) in terms of ρg(x) allows
Eq. (12) to be rewritten in a more convenient way as:
4pid
κ
ρg(x) =
pi
|qy|κα
∫ Lx/2
−Lx/2
e−|qy||x−x
′|ρg(x
′)dx′ + ϕg(x).
(13)
Here, it is worth noticing that since the gate conduc-
tivity, σg, is typically large enough, the plasmon poten-
tial, ϕg(x), inside the metal strip becomes negligible com-
pared to the other two terms in Eq. (13). More detailed
discussion on estimation of σg and ϕg(x) is presented in
Sec. III.
In fact, the assumption of negligible ϕg(x) is crucial to
finding the exact solution to (13) as it enables the reduc-
tion of the integral equation to the differential form65:
(
∂2x − q2y +
ω2
V 2p
)
ρg(x) = 0 (14)
with the boundary conditions specified as:(
∂xρg(x) − |qy|ρg(x)
)
|x=−Lx/2 = 0,(
∂xρg(x) + |qy|ρg(x)
)
|x=Lx/2 = 0.
(15)
At this stage, we can also introduce the effective trans-
verse wave number, k, to replace the non-conserved trans-
verse wave vector, qx, according to:
k2 =
ω2
V 2p
− q2y , (16)
where k takes a discrete value for a given qy, as shown
below.
The solutions to Eqs. (14) and (15) have a certain par-
ity since the even and odd solutions have the form of
cos kx and sin kx with k defined by the dispersion rela-
tion as follows:
k
(
tan
kLx
2
)±1
= ±|qy|, (17)
where the ′+′ and ′−′ signs correspond to the even and
odd modes, respectively.
It can be noted that the dispersion equation for odd
modes has a trivial solution for k = 0, which can be
disregarded as it implies zero charge density, ρg(x) = 0.
From Eq. (17) we obtain a discrete series of the
plasmon modes N = 0, 1, 2, ... with mode frequencies,
ωN(qy), and transverse wave numbers, kN (qy), as illus-
trated in Figs. 2 and 3. For |qy|Lx ≪ 1 the fundamental
N = 0 mode has an unusual square root dispersion (3), in
contrast to the linear dispersion in 2DES with an infinite
gate2. Note that this mode has frequency much lower
than ωp(qy), therefore condition α|qy| ≫ 1 is satisfied.
The plasmon spectrum outside the bulk continuum
was also determined numerically. By first expanding
ρg(x) in Eq. (8) into its series form, with sin(piPx/Lx),
P = 1, 3, 5, .. and cos(piPx/Lx), P = 0, 2, 4, .. denot-
ing the odd and the even modes, correspondingly and
then following a standard computational procedure, we
arrived at the spectrum plotted in green in Fig. 2. It is
clear that for the fundamental mode the numerical and
analytical solutions match perfectly. For the higher ex-
cited modes N = 1, 2, 3, .. the results show close agree-
ment overall, though numerical solution yields slightly
lower frequencies.
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FIG. 2. Spectrum of the 2D plasmons in 2DES with the
gate in the form of a strip, obtained analytically (in blue)
and numerically (in green). The fundamental mode N = 0
is a hybrid near-gate plasmon. Also shown (in red) is the
boundary of the bulk plasmon continuum, ω = ωp(qy), within
which the excited higher modes N = 1, 2, ... have a finite
lifetime. The parameter
√
d/Lx was assumed to have the
value 0.05.
The analytically obtained modes with N > 0 have
nonzero frequencies at qy = 0, thus they lie inside the
bulk spectrum (1) and strongly interact with the contin-
uum of ungated plasmons. Analogous, for instance, to
the inter-edge magnetoplasmons66, such an interaction
can lead the decay of the gated modes and to appearance
of small imaginary corrections to the plasmon frequency,
due to the finite lifetime of exited modes.
If one neglects these corrections, then these modes have
long wavelength asymptotes:
ω2N/V
2
p = [pi
2N2/L2x] + bN |qy|/Lx, (18)
where |qy|Lx ≪ 1, bN = 2 for N = 0 and bN = 4 for
N > 0; i.e. at qy = 0 the frequency ωN equals the fre-
quency of the gated plasmon (2) according to the com-
mon ”quantization rule” qx → piN/Lx.
For |qy|Lx ≫ 1, all the modes have asymptotic behav-
ior described by: ω2N/V
2
p = [pi
2(N + 1)2/L2x] + q
2
y, i.e.
ωN tends to the frequency of the gated plasmon (2) as
qx → pi(N + 1)/Lx.
The predicted spectrum ωN(qy) can be understood in
terms of relation (2), provided that qx is replaced by ef-
fective transverse wave number kN , defined by Eqs. (17).
Fig. 3 illustrates the dependence of kN on qy, where the
curves are plotted in dimensionless variables (kLx, qyLx)
and do not depend on parameters of the system.
Figure 4 displays the plasmon charge density distri-
bution in 2DES and in the gate, and the electric field
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FIG. 3. Quantization rule for the transverse wave number
kN as a function of the wave vector along the strip qy . The
curves are universal and do not depend on parameters of the
system.
component Ex in 2DES for the modes N = 0, 1. From
these data it is evident that the plasmon charge den-
sity in 2DES is localized entirely to the region under the
gate. For |x| ≫ Lx and |qy|Lx ≪ 1, the electric field,
Ex(x), in 2DES decreases with the characteristic length
of the order of |qy|−1. For the parameters indicated in
Figs. 4 (c) and 4(d), the typical ratio of normalized elec-
tric fields ENx under the gate for N = 0 and N = 1 is
approximately 1/3 and tends to zero as |qy|Lx → 0.
III. DISCUSSION
In the course of our investigation we obtained analyt-
ical spectra for the condition of α|qy| ≫ 1, as stated in
(9). However, this assumption becomes invalid for the
modes N = 1, 2, ... both inside and in the vicinity of
the bulk continuum. Nevertheless, as demonstrated in
Fig. 2, the analytical and numerical solutions have been
found to be in close agreement, even in the vicinity of the
bulk continuum. In this regard, first, it should be noted
that in fact, the expansion in (9) is valid when α|q| ≫ 1,
where |q| =
√
q˜2x + q
2
y and q˜x takes the typical values of
qx with the greatest contribution to the first integral in
Eq. (8). It is clear from Fig. 3 that q˜x is of the order
of kN (qy). Consequently, we find that for the estimated
dispersion curves (plotted in blue in Fig. 2) the condition
α
√
q2y + k
2
N (qy)≫ 1 is satisfied, even for the data repre-
senting the region inside the bulk continuum. Therefore,
the obtained analytical solution remains valid (accurate
to small corrections, that may take imaginary values),
even when the condition α|qy| ≫ 1 is violated.
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FIG. 4. Plasmon charge density (a,b) and normalized elec-
tric field ENx (c,d) in 2DES for the modes N = 0 and N = 1
as a function of x/Lx. In (a) and (b), the charge densi-
ties in 2DES and in the gate are denoted by red and blue
traces. In (c) and (d) the electric field is normalized by√∫
+∞
−∞
E2x(x)dx/Lx. Other parameters were set as follows:
qyLx = 0.3,
√
d/Lx = 0.05. The gate is bounded in x direc-
tion by the interval [−1/2, 1/2].
Next, we identify the conditions under which the plas-
mon potential in the gate, ϕg(x), in Eq. (13) can be ne-
glected in comparison with 4pidρg(x)/κ. In this case,
by applying the continuity equation within the gate, the
ϕg and the corresponding gate conductivity, σg , can be
estimated as:
ϕg ∼
∣∣∣∣ iωρgL2xσg(1 + q2yL2x)
∣∣∣∣ , σg ≫ ωL2xκ4pid(1 + q2yL2x) . (19)
Moreover, it can be noted that in the limit |qy|Lx ≪ 1,
the result in (19) has a straightforward physical interpre-
tation. If we define the capacitance C˜ = LxLyκ/(4pid),
the resistance R = Lx/(σgLy) and Ly ≈ pi/qy, then,
according to (19), the time it takes the capacitor to dis-
charge through R should be much less than the plasma
oscillation period 2pi/ω.
In the given analysis we did not take into account the
electromagnetic retardation effects, thus, the produced
results are applicable only for ω ≪ cq/√κ, where c is
the speed of light in vacuum.
Thus far, in our analysis we have made no allowance
for any external magnetic field applied to the system.
Therefore, assuming that gate conductivity, σg, does not
depend on magnetic field, the special case of interest to
consider is when the system is placed in the perpendic-
ular magnetic field B. Provided such a condition, the
conductivity, σ, in Eq. (7) is replaced with the diago-
nal conductivity, σxx(ω,B). Consequently, in the colli-
sionless approximation, parameter α in Eq. (8) takes the
following form:
α =
2pie2n
κm(ω2 − ω2c)
(20)
where ωc = |e|B/(mc) is the electron cyclotron fre-
quency. Hence, ω2 in (8) is now replaced with ω2 − ω2c ,
yielding the B -dependent plasmon spectrum ωN (B) =√
ω2N + ω
2
c .
Regarding the magnetic field effect discussion, it is
worth mentioning that we did not find EMP modes37,39
as their existence is contingent on the condition of inho-
mogeneous Hall conductivity, which is not the case in our
system.
Thus, we show that the metallic gate itself confines
plasmons, even without any changes in electron density
within 2DES, i.e., when 2DES is homogeneous. This con-
clusion is in qualitative agreement with the results in
Refs.56,64 obtained numerically for several excited modes
in graphene with metallic grating and other 2DESs62,63.
Finally, as a matter of practical example, we estimate
the fundamental mode numerics for the following charac-
teristic parameters of the 2DES formed by GaAs/AlGaAs
quantum well: the electron concentration n = 3 · 1011
cm−2, the average dielectric permittivity κ = 7, the mo-
bility µ= 105 cm2/(V s) at 77 K and 104 cm2/(V s) at 300
K. For the gate dimensions, d = 200 nm, Lx = 1 µm and
Ly = 10 µm we find ω/(2pi) = 0.25 THz and the following
quality factors: ωτ = 6 at 77 K and ωτ = 0.6 at 300 K.
If we take into account the fact that the electromagnetic
retardation can significantly increase the quality factor of
plasmons43,67,68, then plasmons can be well-defined even
at room temperatures.
IV. CONCLUSION
In summary, we have examined analytically the plas-
mon modes in 2DES with the gate formed by a metallic
strip over a 2D electron plane. The oscillating charge of
these modes is found to be confined under the gate. The
plasmon spectrum has been characterized by the mode
number N = 0, 1, 2, ... and the wave vector along the
gate qy. Higher modes (N = 1, 2, ...) are known from nu-
merical calculations and possess the gapped dispersion
law. In addition, a new mode (N = 0) is found. This
fundamental mode is a hybrid of gated (ω0 ∝ |qy|
√
d)
and ungated (ω0 ∝
√|qy|) plasmons. It did not appear
in numerical calculations of the THz absorption due to
its gapless spectrum. Its currents and fields are localized
mainly to the outside region near the gate. Up until now,
this ”near-gate plasmon” has never been considered. The
obtained spectra can be interpreted in terms of the gated
plasmon spectrum (2), in which qx is replaced by the
quantized wave number kN , see Fig. 3, kN lies between
piN/Lx and pi(N + 1)/Lx. Our findings are promising
for possible applications in integral sub-THz optics and
nanoplasmonics, for example, to transmit sub-THz sig-
nals within the integrated circuits.
6ACKNOWLEDGMENTS
We thank I. V. Kukushkin and V. M. Muravev for
stimulating discussion of unpublished experimental data.
Numerous constructive discussions of one of the authors
(V.V.) with I. Kukushkin have resulted in the formu-
lation of the considered problem. The work was done
within the framework of the state order and supported
by the Russian Foundation for Basic Research (project
No. 17-02-01226).
∗ Volkov.V.A@gmail.com
1 F. Stern, Phys. Rev. Lett. 18, 546 (1967).
2 A. V. Chaplik, Sov. Phys. JETP 35, 395 (1972).
3 C. C. Grimes and G. Adams, Phys. Rev. Lett. 36, 145
(1976).
4 S. J. Allen, Jr., D. C. Tsui, and R. A. Logan, Phys. Rev.
Lett. 38, 980 (1977).
5 T. N. Theis, J. P. Kotthaus, and P. J. Stiles, Solid State
Commun. 24, 273 (1977).
6 J.  Lusakowski, Semicond. Sci. Technol. 32, 013004 (2017).
7 V. M. Muravev, I. V. Andreev, I. V. Kukushkin, S. Sch-
mult, and W. Dietsche, Phys. Rev. B 83, 075309 (2011).
8 G. Scalari, C. Maissen, D. Turc˘inkova´, D. Hagenmu¨ller, S.
De Liberato, C. Ciuti, C. Reichl, D. Schuh, W. Wegschei-
der, M. Beck, and J. Faist, Science 335, 1323 (2012).
9 V. M. Muravev, A. R. Khisameeva, V. N. Belyanin, I. V.
Kukushkin, L. Tiemann, C. Reichl, W. Dietsche, and W.
Wegscheider, Phys. Rev. B 92, 041303(R) (2015).
10 V. M. Muravev, I. V. Andreev, S. I. Gubarev, V.
N. Belyanin, and I. V. Kukushkin, Phys. Rev. B 93,
041110(R) (2016).
11 I. Grigelionis, K. Nogajewski, G. Karczewski, T. Wojtow-
icz, M. Czapkiewicz, J. Wro´bel, H. Boukari, H. Mariette,
and J.  Lusakowski, Phys. Rev. B 91, 075424 (2015).
12 P. A. Gusikhin, V. M. Muravev. and I. V. Kukushkin,
JETP Lett. 102, 749–753 (2015).
13 I. V. Andreev, V. M. Muravev, V. N. Belyanin, and I. V.
Kukushkin, Phys. Rev. B 96, 161405(R) (2017).
14 V. M. Muravev, I. V. Andreev, V. N. Belyanin, S. I.
Gubarev, and I. V. Kukushkin, Phys. Rev. B 96, 045421
(2017).
15 A. Woessner, M. B. Lundeberg, Y. Gao, A. Principi, P.
Alonso Gonzalez, M. Carrega, K. Watanabe, T. Taniguchi,
G. Vignale, M. Polini, and J. Hone, Nat. Mater. 14, 421
(2014).
16 J. Chen, M. Badioli, P. Alonso-Gonzalez, S. Thongrat-
tanasiri, F. Huth, J. Osmond, M. Spasenovic, A. Centeno,
A. Pesquera, P. Godignon, A. Zurutuza Elorza, N. Ca-
mara, F. J. G. de Abajo, R. Hillenbrand, and F. H. L.
Koppens, Nature (London) 487, 77 (2012).
17 Z. Fei, A. S. Rodin, G. O. Andreev, W. Bao, A. S. McLeod,
M. Wagner, L. M. Zhang, Z. Zhao, M. Thiemens, G.
Dominguez, M. M. Fogler, A. H. C. Neto, C. N. Lau,
F. Keilmann, and D. N. Basov, Nature (London) 487, 82
(2012).
18 I. Crassee, M. Orlita, M. Potemski, A. L. Walter, M.
Ostler, Th. Seyller, I. Gaponenko, J. Chen, and A. B. Kuz-
menko, Nano Lett. 12, 2470–2474 (2012).
19 A. Politano, V. M. Silkin, I. A. Nechaev, M. S. Vitiello,
L. Viti, Z. S. Aliev, M. B. Babanly, G. Chiarello, P. M.
Echenique, and E. V. Chulkov, Phys. Rev. Lett. 115,
216802 (2015).
20 J. C. W. Song and M. S. Rudner, Proc. Natl. Acad. Sci.
U.S.A 113, 4658-4663 (2016).
21 A. Kumar, A. Nemilentsau, K.H. Fung, G. Hanson, N.X.
Fang, and T. Low, Phys. Rev. B 93, 041413(R) (2016).
22 V. V. Enaldiev, Phys. Rev. B 98, 155417 (2018).
23 M. Dyakonov and M. Shur, Phys. Rev. Lett. 71, 2465
(1993).
24 M. I. Dyakonov, Comptes Rendus Physique 11, 413 (2010).
25 G. C. Dyer, G. R. Aizin, S. Preu, N. Q. Vinh, S. J. Allen, J.
L. Reno, and E. A. Shaner, Phys. Rev. Lett. 109, 126803
(2012).
26 G. R. Aizin, V. V. Popov, and O. V. Polischuk, Appl. Phys.
Lett. 89, 143512 (2006).
27 V. V. Popov, D. V. Fateev, T. Otsuji, Y. M. Meziani, D.
Coquillat, and W. Knap, Appl. Phys. Lett. 99, 243504
(2011).
28 G. R. Aizin, D. V. Fateev, G. M. Tsymbalov, and V. V.
Popov, Appl. Phys. Lett. 91, 163507 (2007).
29 O. Sydoruk, J. B. Wu, A. Mayorov, C. D. Wood, D. K.
Mistry, and J. E. Cunningham, Phys. Rev. B 92, 195304
(2015).
30 V. M. Muravev and I. V. Kukushkin, Appl. Phys. Lett.
100, 082102 (2012).
31 D. C. Tsui, E. Gornik, and R. A. Logan, Solid State Com-
mun. 35, 875-877 (1980).
32 A. Ko¨ck, W. Beinstingl, K. Berthold, and E. Gornik, Appl.
Phys. Lett. 52, 1164 (1988).
33 D. Steinmu¨ller-Nethl, R. Kovacs, E. Gornik and P.
Ro¨dhammer, Thin Solid Films 237, 277-281 (1994).
34 A. Satou, V. Ryzhii, and A. Chaplik, J. Appl. Phys. 98,
034502 (2005).
35 A. Satou, I. Khmyrova, A. Chaplik, V. Ryzhii, and M. S.
Shur, Jpn. J. Appl. Phys. 44, 2592 (2005).
36 A. Satou, A. Chaplik, V. Ryzhii, and M. S. Shur, Physica
E 34, 417-420 (2006).
37 V. A. Volkov and S. A. Mikhailov, JETP Lett. 42, 556
(1985).
38 V. A. Volkov and S. A. Mikhailov, Sov. Phys. JETP 67,
1639-1653 (1988).
39 A. L. Fetter, Phys. Rev. B 32, 7676 (1985).
40 I. V. Kukushkin, M. Yu. Akimov, J. H. Smet, S. A.
Mikhailov, K. von Klitzing, I. L. Aleiner, and V. I. Falko,
Phys. Rev. Lett. 92, 236803 (2004).
41 V. M. Muravev, P. A. Gusikhin, I. V. Andreev, and I. V.
Kukushkin, Phys. Rev. Lett. 114, 106805 (2015).
42 P. A. Gusikhin, V. M. Muravev, and I. V. Kukushkin,
JETP Lett. 100, 648 (2015).
43 P. A. Gusikhin, V. M. Muravev, A. A. Zagitova, and I. V.
Kukushkin, Phys. Rev. Lett. 121, 176804 (2018).
44 A. Principi, M. I. Katsnelson, and G. Vignale, Phys. Rev.
Lett. 117, 196803 (2016).
45 S. Bosco and D. P. DiVincenzo, Phys. Rev. B 95, 195317
(2017).
46 D. Jin, L. Lu, Zh. Wang, Ch. Fang, J. D. Joannopoulos,
M. Soljac˘ic´, L. Fu and N. X. Fang, Nat. Commun. 7, 13486
(2016).
747 A. Kitaev, AIP Conf. Proc. 1134, 22 (2009).
48 A. L. Fetter, Phys. Rev. B 33, 5221 (1986).
49 R. P. Leavitt and J. W. Little, Phys. Rev. B 34, 2450
(1986).
50 S. S. Nazin, N. I. Shikina, and V. B. Shikin, Sov. Phys.
JETP 65, 924 (1987).
51 V. Cataudella and G. Iadonisi, Phys. Rev. B 35, 7443
(1987).
52 S. Giovanazzi, L. Pitaevskii, and S. Stringari, Phys. Rev.
Lett. 72, 3230 (1994).
53 I. L. Aleiner and L. I. Glazman, Phys. Rev. Lett. 72, 2935
(1994).
54 I. L. Aleiner, D. Yue, and L. I. Glazman, Phys. Rev. B 51,
13467 (1995).
55 E. G. Mishchenko, A. V. Shytov, and P. G. Silvestrov,
Phys. Rev. Lett. 104, 156806 (2010).
56 D. A. Iranzo, S. Nanot, E. J. C. Dias, I. Epstein, C. Peng,
D. K. Efetov, M. B. Lundeberg, R. Parret, J. Osmond, J.-
Y. Hong, J. Kong, D. R. Englund, N. M. R. Peres, and F.
H. L. Koppens, Science 360, 291-295 (2018).
57 V. V. Popov, A. N. Koudymov, M. Shur, and O. V. Polis-
chuk, J. Appl. Phys. 104, 024508 (2008).
58 A. Satou, I. Khmyrova, V. Ryzhii, and M. S. Shur, Semi-
cond. Sci. Technol. 18, 460–469 (2003).
59 A. Satou, V. Ryzhii, I. Khmyrova, M. Ryzhii, and M. S.
Shur, J. Appl. Phys. 95, 2084 (2004).
60 V. Ryzhii, A. Satou, W. Knap, and M. S. Shur, J. Appl.
Phys. 99, 084507 (2006).
61 A. S. Petrov, D. Svintsov, V. Ryzhii, and M. S. Shur, Phys.
Rev. B 95, 045405 (2017).
62 V. V. Popov, O. V. Polischuk, and M. S. Shur, J. Appl.
Phys. 98, 033510 (2005).
63 A. R. Davoyan, V. V. Popov, and S. A. Nikitov, Phys. Rev.
Lett. 108, 127401 (2012).
64 A. Bylinkin, E. Titova, V. Mikheev, E. Zhukova, S.
Zhukov, M. Belyanchikov, M. Kashchenko, A. Miakonkikh,
and D. Svintsov, arXiv:1812.04028 (2018).
65 A. D. Polyanin and A. V. Manzhirov, Handbook of Integral
Equations (2nd Edition, Chapman & Hall/CRC, 2008), p.
324.
66 S. A. Mikhailov and V. A. Volkov, J. Phys.: Condens.
Matter 4, 6523-6538 (1992).
67 I. V. Kukushkin, V. M. Muravev, J. H. Smet, M. Hauser,
W. Dietsche, and K. von Klitzing, Phys. Rev. B 73, 113310
(2006).
68 I. V. Kukushkin, J. H. Smet, S. A. Mikhailov, D. V. Ku-
lakovskii, K. von Klitzing, and W.Wegscheider, Phys. Rev.
Lett. 90, 156801 (2003).
